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DESCRIPTION 

SPATIAL LIGHT MODULATOR 

5 Field of the Invention 

The present invention relates to a spatial light 
modulator and the like which are used in a hologram recording 
and reproducing apparatus and the like. . 
Background Art 

10 A volume holographic recording system is known as a 

digital information recording system using the principle of 
hologram. The feature of this system is to record an 
information signal in a recording medium as variations in a 
refractive index. In the system, photorefractive material such 

15 as lithium niobate single crystal and the like is used for the 
recording medium. 

As one of hologram recording and reproducing methods , 
there is a method for recording and reproducing by use of 
Fourier transform . 

20 Fig- 1 shows an example of a ponventional hologram 

recording and reproducing apparatus. In this drawing, laser 
light 12 emitted from a laser light source 11 is divided into 
a signal light 12A and a recording reference light 12B by a 
beam splitter 13. The beam diameter of the signal light 12A is 

25 magnified by a beam expander 14, and the signal light 12A is 
applied to a spatial light modulator (SLM) 15 such as a panel 
of a translucent TFT liquid crystal display (LCD) and the like 



as collimated light- The spatial light modulator (SLM) 15 
receives recording data converted by an encoder 2 5 as an 
electric signal, to form a bright and dark dot pattern on a 
plane. In passing through the spatial light modulator (SLM) 15, 
5 the signal light 12A is modulated to include a data signal 
component- When the signal light 12A including the signal 
component of the dot pattern passes through a Fourier 
transform lens 16, which is disposed a focal length "f" away, 
the signal component of the dot pattern is subjected to 
10 Fourier transform, and is condensed into the recording medium 
5. 

On the other hand, the recording reference light 12B 
divided by the beam splitter 13 is led into the recording 
medium (volume holographic memory) 5 by a mirror 18 and a 
15 mirror 19- The recording reference light 12B intersects with 
an optical path of the signal light 12A inside the recording 
medium 5 and forms a light-interference pattern, to record the 
whole light -interference pattern as variations in a refractive 
index . 

20 The Fourier transform lens, as described above, forms an 

image from diffracted light of image data, which is 
illuminated by coherent collimated light . The image is 
converted into distribution on a focal plane, that is, on a 
Fourier plane , and the distribution as a result of Fourier 

2 5 transform is allowed to interfere with the coherent reference 
light, in order to record interference fringes on the 
recording medium in the vicinity of a focal point. After 



completing the recording of a single data page (hereinafter, 
also simply referred to as a "page"), the mirror 19 is rotated 
at a predetermined angle, and the position thereof is moved in 
parallel by a predetermined amount, in order to vary an 
5 incident angle of the recording reference light 12B with 

respect to the recording medium 5. Then, the second page is 
recorded in the same procedure. Angular multiplexing recording 
is carried out by successively performing the recording like 
this. 

10 In reproducing operation, on the other hand, inverse 

Fourier transform is carried out to reproduce a dot pattern 
image. In reproducing data, as shown in Fig. 1, the optical 
path of the signal light 12A is interrupted by, for example, 
the spatial light modulator (SLM) 15, and only the reference 

15 light 12B is applied to the recording medium 5. During 

reproduction, the position and angle of the mirror 19 are 
varied and controlled with the use of the combination of the 
rotation and linear movement of the mirror 19 so that the 
incident angle of the recording reference light becomes the 

20 same as that in recording a page to be reproduced. 

Reproduction light which reproduces the recorded light - 
interference pattern appears on the opposite side of the 
recording medium 5 irradiated with the reference light 12B. A 
dot pattern signal can be reproduced by leading the 

25 reproduction light into an inverse Fourier transform lens 16A 
to carry out inverse Fourier transform. Then, the dot pattern 
signal is received by a photodetector 20 such as a charge- 



coupled device CCD and the like in the position of a focal 
length, to reconvert the dot pattern signal into an electric 
digital data signal. Then, the digital data signal is sent to 
a decoder 26, so that original data is reproduced. 
5 In the hologram recording with Fourier transform, the 

first -order diffracted light becomes the highest frequency 
component of the signal light, which is Fourier transformed by 
the spatial light modulator 15 such as the LCD and the like, 
due to the repeats of pixels of the spatial light modulator 15. 

10 Fig. 2 is a plan view showing a pattern of the 

conventional spatial light modulator 15. Square pixels a 
single side of which has a length of "a" (fxm) are arranged in a 
matrix. In other words, a pixel pitch of the spatial light 
modulator 15 is n a" (|um). The reference numeral 6 indicates an 

15 incident beam which is incident on the spatial light modulator 
15. 

Referring to Fig. 3, the optical axis of the signal light 
represents a Z direction, and the directions of columns and 
rows of the pixels in a plane perpendicular to the signal 

20 light represent X and Y directions, respectively. When the 
signal light interferes with the reference light to record 
inside the recording medium 5, light intensity distributions 
of spatial frequency spectrum occur in the XY plane, which is 
in parallel with the Fourier plane, symmetrically with respect 

25 to the optical axis of the signal light. 

The hologram recording using a Fourier transform hologram 
has the advantages that hologram fits into spatially limited 



space, information is recorded in a distributed manner by use 
of Fourier transform, and the redundancy of recording can be 
increased- The distance (dl) between a zero-order Fourier 
spectrum and the first-order Fourier spectrum in the Fourier 
5 plane is expressed as follows, with the use of a spatial 

frequency (fsp) in a recording plane, the wavelength (A.) of 
light, and the focal length (Fl) of the Fourier transform lens, 
dl = fsp • X • Fl 

Since the pixel pitch of the spatial light modulator 15 
10 is 42jim, the wavelength is 532nm, and the focal length is 165mm, 
the Fourier spectrum distance (dl) of the corresponding 
highest frequency component is 2.1mm, according to the 
foregoing equation. Thus, information to be recorded exists in 
a range of approximately ±2 . 1mm on the optical axis . In other 
15 words, as shown in Fig. 3, two-dimensional data appearing in 

the spatial light modulator 15 is distributed over xy space (x, 
y <, ±2dl) in a matrix with two rows and two columns, which is 
composed of the first-order diffracted light and zero-order 
light . 

20 Therefore, a peak appears in a Fourier transformed image 

of the spatial light modulator 15, in accordance with the 
highest frequency component due to the pixel pitch. These 
peaks themselves do not bear any meaningful data. If these 
peaks occur in such a Fourier transformed image, the 

25 photorefractive effect of the recording medium becomes 

saturated in the above-mentioned peak position, so that there 
is a problem that nonlinear distortion tends to occur in a 



recorded image. 

Also there is a method for offsetting the recording 
medium from the Fourier plane in order to secure a dynamic 
range during recording, but the method has the problems that 
5 time necessary for recording becomes long, an S/N ratio 

decreases, highly sensitive recording medium is needed, and 
the like . 

Considering the foregoing problems, an object to be 
achieved by the present invention includes one example of the 

10 foregoing problems. In other words, an object of the present 
invention is to provide a spatial light modulator with high 
performance which can record with high sensitivity and less 
signal distortion. 
SUMMARY OF THE INVENTION 

15 In a spatial light modulator according to the present 

invention, a plurality of light modulation elements are 
arranged in one plane. The plurality of light modulation 
elements are arranged so that there are at least two periods 
of periodic structure corresponding to the arrangement of the 

20 light modulation elements in an arbitrary direction in the 
plane . 

In a spatial light modulator according to the present 
invention, a plurality of light modulation elements are 
arranged in a circular light modulation region. The plurality 
25 of light modulation elements are arranged so that there are at 
least two periods of periodic structure corresponding to the 
arrangement of the light modulation elements in an arbitrary 



direction in the light modulation region. The size of the 
light modulation element increases along the outer peripheral 
direction of the light modulation region. 

A spatial light modulator according to the present 
5 invention has a circular light modulation region. A light 
modulation element is disposed in each of areas which are 
obtained by radially and concentrically dividing the light 
modulation region. 

BRIEF DESCRIPTION OF THE DRAWINGS 
10 Fig. 1 is a diagram showing an example of a conventional 

hologram recording and reproducing apparatus; 

Fig. 2 is a plan view showing a pattern of a conventional 
spatial light modulator in which square pixels, a side of 
which has a length of "a", are arranged in a matrix; 
15 Fig. 3 is a diagram showing a light intensity of 

frequency spectrum, which occurs in an xy plane in parallel 
with a Fourier plane due to the interference between signal 
light and reference light; 

Fig. 4 is a block diagram showing the structure of a 
20 hologram recording and reproducing apparatus which uses a 

spatial light modulator according to a first embodiment of the 
present invention ; 

Fig. 5 is a schematic plan view showing the shapes of 
light modulation elements in the spatial light modulator 
25 according to the first embodiment of the present invention; 

Fig. 6 is a partly enlarged view of the spatial light 
modulator shown in Fig. 5; 



Fig. 7 is a schematic plan view showing the structure of 
a spatial light modulator according to a second embodiment of 
the present invention ; 

Fig. 8 is a schematic plan view showing the structure of 
5 a spatial light modulator with circular light modulation 
elements according to another embodiment of the present 
invention; and 

Fig. 9 is a schematic plan view showing the structure of 
a spatial light modulator with rectangular light modulation 
10 elements according to further another embodiment of the 
present invention. 

MODE FOR CARRYING OUT THE INVENTION 

Embodiments of the present invention will be described in 
detail with reference to the drawings. In the drawings 
15 described below, substantially identical parts are denoted by 
the same reference numerals . 
[First Embodiment] 

Fig. 4 is a block diagram showing the structure of a 
hologram recording and reproducing apparatus 10 which uses a 

20 spatial light modulator 40 according to a first embodiment of 
the present invention. 

In an optical system 10A of the hologram recording and 
reproducing apparatus 10, for example, a solid-state laser for 
emitting green light with a wavelength of 532nm is used as a 

25 light source of signal light 12A and recording reference light 
12B. A laser light source 11 is driven by a laser driver 31. 
The laser driver 31 is controlled by a main controller (CPU) 



30 connected to each circuit block of the hologram recording 
and reproducing apparatus 10 to carry out the control of the 
whole apparatus. More specifically, various control signals 
including a write timing signal and the like is supplied from 
5 the main controller 30 to the laser driver 31, and the laser 
driver 31 drives the laser light source 11 on the basis of the 
control signals. 

Laser light 12 emitted from the laser light source 11 is 
divided into the signal light 12A and the recording reference 

10 light 12B by a beam splitter 13. A beam expander 14 magnifies 
the beam diameter of the signal light 12A, and the signal 
light 12A is incident on the spatial light modulator (SLM) 40, 
which comprises a panel of a translucent TFT liquid crystal 
display (LCD), as collimated light. 

15 A plurality of light modulation elements are arranged in 

the spatial light modulator (SLM) 40, in such a manner that 
there are at least two periods of periodic structure which 
corresponds to the arrangement of the light modulation 
elements in an arbitrary direction in a plane. In other words, 

20 the light modulation elements are arranged so that there are 
at least two peak components of a Fourier frequency in a 
Fourier plane corresponding to the arrangement of the light 
modulation elements . 

In this embodiment, as shown in a plan view of Fig. 5, 

25 the spatial light modulator (SLM) 40 has a circular light 

modulation region or area 6A which is approximately inscribed 
with the beam diameter 6 of the signal light. The light 



modulation region 6A is divided every predetermined angle (0) 
by radial partition lines passing through the center of the 
circle. The light modulation region 6A is also cpncentrically 
divided by partition lines the radiuses of which are R 1# R 2 , 
5 R n . Each divided area corresponds to a light modulation 
element (hereinafter, also referred to as pixel) 4 OA, and 
hence the spatial light modulator 40 comprises pixels A k#x , A k , 2 , 

A k , n (k=l, 2, m) . Therefore, the spatial light 

modulator 40 comprises nxm pixels. 

10 Taking a case of k=l, for example, as shown in a partly 

enlarged view of Fig. 6, each of the pixels A 1#1 , A lf2 , Ai, n 
is configured so as to have a different pitch in a radial 
direction. It is preferable that no pixel has the same pitch. 
If the pixels are configured so that the reciprocals of the 

15 pitches are the approximately same values, the distance 
between Fourier spectra can be evenly distributed. By 
configuring the spatial light modulator 40 in this manner, the 
distance between Fourier spectra each of which corresponds to 
each pixel differs in the Fourier plane, so that it is 

20 possible to prevent a peak from occurring in a specific 
position in a Fourier transformed image. 

Furthermore, in this embodiment, pixels with high spatial 
frequencies, i.e., small pixels are arranged in a central 
portion, and pixels with low spatial frequencies, i.e., large 

25 pixels are arranged in a peripheral portion, in order to 

effectively obtain an amount of incident light on a lens. In 
other words, the length Li #j (j = l, 2, n) of each pixel Ai f1 , 



Ai,2, A i#n in a radial direction becomes long as the pixel 

approaches the peripheral portion (as j increases). 

Furthermore, the size of each pixel Ai,i, Ai i2f Ai, n is 

determined in accordance with the power density of a signal 
5 light beam. In other words, when the signal light beam has the 
shape of Gaussian distribution, the power density is high in 
the central portion of the beam, and decreases with 
approaching the peripheral portion of the beam. Thus, the size 
of each pixel is determined so that the power of light 
10 incident on each pixel becomes substantially equal. The size 
of each pixel may be determined so that a ratio of the power 
of light incident on each pixel is within a predetermined 
range . 

The spatial light modulator (SLM) 40 forms a bright and 
15 dark pattern on the basis of a data signal to be recorded. To 
be more specific, an encoder 25 receives the recording data 
signal which comprises a one -dimensional digital signal 
sequence, to convert the signal into a two-dimensional data 
array in accordance with the pixel array of the foregoing 
20 spatial light modulator (SLM) 40. Furthermore, the encoder 25 
adds an error correction code to the two-dimensional data 
array, and generates a two-dimensional data signal (a unit 
page series data signal). The encoder 25 is provided with an 
SLM driver (not illustrated). The SLM driver generates a 
25 driving signal on the basis of the two-dimensional data signal, 
to drive the spatial light modulator (SLM) 40. Therefore, a 
two-dimensional pattern is formed in the spatial light 



modulator (SLM) 40 in accordance with the two-dimensional data 
signal . 

When the signal light 12A passes through the spatial 
light modulator (SLM) 40, it is subjected to light modulation 
5 with the pattern. In other words, the spatial light modulator 
40 has a modulation processing unit which corresponds to a 
unit page. The spatial light modulator 40 turns on or off the 
light of an applied coherent signal beam with a wavelength of 
532nm pixel-by-pixel, in accordance with unit page series data 

10 from the encoder 25, in order to generate a modulated signal 
light beam. To be more specific, the spatial light modulator 
40 passes the signal beam when a logical value of unit page 
series data, being an electric signal, is "1," and intercepts 
the signal beam when the logical value is n 0." Thus, electro- 

15 optic conversion is accomplished in accordance with the 
contents of each bit in unit page data, and hence the 
modulated signal light beam (signal beam) is generated as 
signal light of a unit page series. 

The signal light 12A including the recording data signal 

20 passes through a Fourier transform lens 16 which is disposed a 
focal length ™f" away, and the pattern signal component is 
subjected to Fourier transform to be condensed into the 
recording medium 5 . 

The recording reference light 12B divided through the 

25 beam splitter 13, on the other hand, is led into a recording 
medium (volume holographic memory) 5 by a mirror 18 and a 
mirror 19. The recording reference light 12B intersects with 



an optical path of the signal light 12A inside the recording 
medium 5 and forms a light - interference pattern, to record the 
whole light -interference pattern as variations in a refractive 
index . 

5 The Fourier transform lens, as described above, forms an 

image from diffracted light from the spatial light modulator, 
which is illuminated by coherent light and modulated with 
image data. The image interferes with the coherent reference 
light, and interference patterns are recorded in the recording 

10 medium in the vicinity of a focal point. Upon completing the 
recording of a single data page (hereinafter, also simply 
referred to as "page"), a recording medium driver 33 moves the 
position of the recording medium 5 in parallel by a 
predetermined amount, and the second page is recorded in the 

15 same procedure. Recording is carried out by successive 
recording like this . 

In reproducing, on the other hand, the image is 
reproduced by carrying out inverse Fourier transform. In the 
reproduction of data, for example as shown in Fig. 4, after 

20 the recording medium driver 33 moves the recording medium 5 to 
a predetermined position, a shutter 17 or the spatial light 
modulator (SLM) 40 interrupts the optical path of the signal 
light 12A, so that only the reference light 12B is incident in 
the recording medium 5. Thus, reproduction light is reproduced 

25 from the recorded light -interference pattern. A pattern signal 
is reproduced by leading the reproduction light into an 
inverse Fourier transform lens 16A and carrying out inverse 



Fourier transform. Then, after the pattern signal received by 
a photodetector 20 such as a charge -coupled device (CCD) and 
the like is reconverted into an electric digital data signal, 
the digital data signal is sent to the decoder 26 in order to 
5 reproduce recorded data. 

According to the present invention, it is possible to 
reduce the intensity of the light peak occurring in the 
Fourier transformed image, which is caused by the periodic 
structure of the spatial light modulator. Thus, it is possible 

10 to prevent the photorefractive effect of the recording medium 
from being saturated. Therefore, it is possible to provide a 
spatial light modulator with high performance, by which 
nonlinear distortion is hard to occur and hologram recording 
is carried out with high sensitivity. 

15 [Second Embodiment] 

Fig. 7 is a schematic plan view showing the structure of 
a spatial light modulator 41 according to a second embodiment 
of the present invention. The spatial light modulator 41 
comprises a panel of a transmission- type TFT liquid crystal 

20 display (LCD) . 

As shown in the plan view of Fig. 7, the spatial light 
modulator (SLM) 41 comprises a plurality of light modulation 
elements (pixels) 41A, each of which has the shape of a circle. 
The plurality of pixels 41A are arranged in the plane of the 

25 spatial light modulator 41, in such a manner as to satisfy any 
one of the following conditions . 

(1) The pixels 41A are arranged so that spatial frequencies by 



the pixels 41A in an arbitrary line in the plane of the 
spatial light modulator 41 become plural, or 

(2) The plurality of pixels 41A have random sizes, or 

(3) The pixel with a high spatial frequency, i.e., the small 
5 pixel is arranged in a central portion, and the pixel with a 

low spatial frequency, i.e., the large pixel is arranged in a 
peripheral portion. 

The pixels may be arranged so as to satisfy a plurality 
of the foregoing conditions. In this embodiment, the pixels 
10 are arranged so as to satisfy all of the foregoing conditions 
(1) to (3). 

It is preferable that the size of each pixel is 
determined in accordance with the power density of a signal 
light beam. Namely, when the signal light beam density has the 

15 shape of Gaussian distribution, the power density is high in 
the central portion of the beam, and decreases with 
approaching the peripheral portion of the beam. Therefore, the 
size of each pixel may be determined so that a ratio of the 
power of light incident on each pixel is within a 

20 predetermined range. 

Fig. 8 is a schematic plan view showing another 
embodiment of the spatial light modulator 41 according to the 
present invention. Each light modulation element (pixel) 41A 
has the shape of a circle, and the size of each pixel 

25 increases toward the outer peripheral direction of the light 
modulation region 6A. 

Each pixel does not need to be in the shape of a circle . 



As shown in Fig. 9, a spatial light modulator 42 may comprise 
rectangular pixels 42A. In this embodiment, the pixels 42A are 
arranged so as to satisfy all of the foregoing conditions (1) 
to (3). 

5 Furthermore, every pixel does not need to be in the same 

shape. In other words, it is unnecessary that all pixels have 
the shape of a circle or a rectangle, and pixels in random 
shapes may be arranged. 

According to such a structure, since light peak intensity 

10 occurring in the Fourier transformed image is reduced, it is 
possible to prevent the photorefractive effect of the 
recording medium from being saturated. Therefore, it is 
possible to provide a spatial light modulator with high 
performance, by which nonlinear distortion is hard to occur 

15 and hologram recording is carried out with high sensitivity. 
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